Copper alloys and copper matrix composites have been attracting a lot of attention lately. Their composition design, preparation, and processing directly affect the final performance. In this review, several typical copper alloys, such as Cu-Fe-P, Cu-Ni-Si, and Cu-Cr-Zr are analyzed. The deformation mechanisms, microstructure evolution, and dynamic recrystallization behavior are summarized. In addition, dispersion strengthened copper matrix composites and graphene reinforced copper matrix composites are reviewed.
Introduction
Owing to its high electrical and thermal conductivity, along with remarkable processing performance, copper is widely used in the aerospace and electronics industries, including high-speed rail contact wires and electrical contact materials [1] [2] [3] , as shown in Figure 1 . However, the strength of pure copper is low at room and high temperatures. Although the strength increases significantly after cold processing, the elongation is low and the obtained strength is reduced during the annealing process, which seriously restricts the applications of pure copper. Fortunately, copper alloys and copper-based composites prepared through various strengthening mechanisms not only have high electrical and thermal conductivity, but also high strength and plasticity, along with good processing performance [4] [5] [6] [7] [8] [9] . Therefore, high strength and high conductivity copper alloys and copper matrix composites have drawn more attention in the past few years.
The methods of strengthening copper alloys include solution strengthening, aging precipitation strengthening and dispersion strengthening. For solution strengthening some alloying elements are dissolved in the copper matrix, which results in lattice distortion and enhances the strength of the alloy by hindering dislocations movement. However, due to the scattering effect of electrons on the solute atoms, the electrical conductivity of the alloy can be severely reduced, thus solution strengthening is often used in conjunction with other strengthening methods [10, 11] . Aging strengthening refers to the addition of elements in the copper matrix whose solid solubility changes greatly at high and room temperatures, such as Cr [12] [13] [14] , Zr [15, 16] , Ni [17, 18] , Mg [11, 19] , Nb [20, 21] etc. After solution and aging treatment, the secondary phase is formed, thereby improving the strength by preventing dislocations and grain boundaries movement. Krishna et al. [22] revealed that the increase of hardness and conductivity during aging was mainly attributed to the formation of fine Ni 2 Si and Co 2 Si nano-precipitates in the Cu-Ni-Si-Co alloy. Zhang et al. [23] investigated the microstructure evolution of the Cu-Ni-Si-P alloy during aging and found that after aging at 450 ∘ C for 48 h, nano δ-Ni 2 Si phase precipitated. The addition of P could inhibit the coarsening of the precipitated phase. Huang et al. [24] analyzed the microstructure of the Cu-0.31Cr-0.21Zr alloy and concluded that the precipitated phase was Cu 51 Zr 14 . Cheng et al. [25] found that good comprehensive performance of the Cu-0.6Cr-0.15Zr-0.05Mg-0.02Si alloy can be obtained after 80% deformation followed by aging at 480 ∘ C for 1 h. Consequently, the hardness and electrical conductivity reached 152 HV and 85.5% IACS, respectively. Tian et al. [26] reported that the electrical conductivity of the Cu-1.0Zr alloy was 80% IACS and the microhardness reached 155 HV after solution treatment at 900 ∘ C for 1 h and aging at 500 ∘ C for 1 h. Furthermore, after aging at 450 ∘ C for 6 h, a large amount of the Cu 10 Zr 7 phase precipitated in the copper matrix. Dong et al. [27] established that the resistance to softening of the Cu-0.7Fe-0.15P alloy was improved after aging due to the precipitation of the Fe 2 P phase. In addition to doping common alloying elements, many re-searchers have tried to add rare earth elements, such as Ce and Y, to obtain good properties. Wang et al. [28] investigated the effects of Ce and Y on the hot deformation of the Cu-Mg alloy and reported that rare earth elements can not only refine grains, but also improve the flow stress and thermal activation energy of the alloy. Zhang et al. [29] reported that Y can increase the activation energy during the hot deformation of the Cu-Zr alloy, affecting the dynamic recrystallization behavior. Also, Ce can refine the grain of the Cu-0.2Zr alloy and enhance the hot processing stability.
With the rapid development of the high-tech industries, the performance of the traditional copper alloys cannot satisfy the modern requirements. In recent years, some researchers started to gradually pay attention to the copper matrix composites, including oxide, carbide, nitride, boride nano-particles dispersion strengthening copper matrix composites [30] [31] [32] . The dispersion strengthening composites can be divided into in-situ reinforced and ex-situ reinforced metal matrix composites. Due to the insitu formation of the reinforcement phase through metallurgical reactions, chemical catalytic transformations, and plastic deformation, the in-situ reinforcement can enhance the chemical stability and interface compatibility between the reinforcement and the matrix, thus improving the interface bonding and mechanical properties [33] [34] [35] . For instance, nano-Al 2 O 3 and nano-Cr 2 O 3 dispersion strengthened copper alloys fabricated by internal oxidation belong to the in-situ reinforced metal matrix composites. Furthermore, the scattering effect of electrons on solute atoms in the copper matrix is greater than that caused by the secondary phase, so dispersion strengthened copper matrix composites can enhance the material strength while ensuring the electrical conductivity. Bera et al. [36] reported that the hardness and wear resistance of the Cu-10Cr-3Ag electrical contact sample increased significantly with the addition of nano-Al 2 O 3 particles. Zhang et al. [37] fabricated the Al 2 O 3 -Cu/35W5Cr composite by the vacuum hot-pressing sintering and internal oxidation method. Due to the hindering effect on the dislocations caused by the nano-Al 2 O 3 particles, the composite was still in the dynamic recovery stage under the hot deformation condition of 850 ∘ C and 0.01 s −1 strain rate.
Conventionally, hot processing is often carried out to improve the properties of copper alloys. Therefore, the research of the hot processing of copper alloys plays an important role in the improvement of their properties. In this study, the deformation mechanisms, microstructure evolution and its effects on the alloys' properties, along with dynamic recrystallization and aging precipitation mecha-nisms of several typical copper alloys and copper-based composites during the thermal processing are reviewed.
2 Nano-phase aging precipitation and thermal deformation
Cu-Fe-P alloy
Cu-Fe-P alloy is widely used as the lead frame material due to its excellent properties. Its precipitates mainly include Fe, Fe 2 P and Fe 3 P, and the type of precipitation depends on the ratio of Fe and P content. In general, other alloying elements can be added to further improve the comprehensive properties of the alloy. Xiao et al. [38] reported the aging precipitation behavior of the Cu-2.3Fe-0.03P alloy. It was demonstrated that the -Fe and Fe 3 P phases precipitated in the copper matrix. Wang et al. [39] also found that the Fe 3 P phase precipitated during aging of the Cu-0.88Fe-0.24P alloy. In addition, Dong et al. [40] have demonstrated that cold rolling can transform the precipitates from the -Fe phase to α-Fe and re-dissolve the fine precipitates into the Cu matrix. Guo et al. [41] found that the doped Re facilitated the precipitation of the -Fe and Fe 3 P phases. In our previous work, the precipitated phase of the Cu-2.3Fe-0.1Zn-0.1P (C194) alloy was investigated using transmission electron microscopy (TEM). The microstructure is shown in Figure 2 . Three different kinds of nanoparticles are in the matrix seen in Figure 2 (a). First, coarse particles were formed with ellipsoidal shape. Second, the volume of the spherical particles increased to a quarter of the large particles. Third, many small particles dispersed unevenly in the matrix. Figure 2 (b) shows the selected electron diffraction pattern (SADP) of the ellipsoid particle. It was demonstrated that the large particle was -Fe. Furthermore, the selected electron diffraction pattern in Figure 2 (c) and Figure 2 (d) confirmed that the α-Fe and Fe 3 P nanoparticles precipitated in the matrix. They are corresponding to the "II" and "III" types in Figure 2 (a). Furthermore, Cao et al. [42] reported that fine -Fe and coarse Fe 3 P particles were formed in the as-cast Cu-Fe-P alloy. However, the fine Fe particles were dispersed in the interior of the grains due to the process of equal channel angular pressing (ECAP), and the Fe 3 P particles pinned the grain boundaries. 
Cu-Ni-Si alloy
Lead frame copper alloy, as the current carrier of the integrated circuits, is a crucial basic material used in the electronics industry. The strength and conductivity of the lead frame material mainly depend on the precipitation strengthening [43] . In general, the strengthening effect depends on the following aspects: the ultimate solubility of alloying elements in copper, the solubility at room temperature, the number and size of precipitates and other factors. Cu-Ni-Si alloy is widely used as the lead frame material. Ni, Si, and other alloying elements can precipitate into the strengthening phase through aging. Hence, the alloy has high strength and hardness, while the electrical conductivity cannot drop sharply. Wang et al. [44] demonstrated that the Cr 3 Si and Ni 2 SiZr intermediate compounds were formed in the Cu-Ni-Si-Cr-Zr alloy after aging and confirmed that the δ-Ni 2 Si phase strengthened the copper matrix through the Orowan mechanism. Hu et al. [45] investigated the precipitation and microstructure evolution behavior of the Cu-Ni-Si alloy during hot deformation by means of the high-resolution transmission electron microscopy and first principles calculations and confirmed the precipitation of the δ-Ni 2 Si phase. However, in the two stages before and after aging, the precipitated δ 1 and δ 2 phases exist, and have different orientations with the copper substrate. Jia et al. [46] also confirmed the δ-Ni 2 Si phase during the aging process of the Cu-3.0Ni-0.72Si alloy, while a layer of metastable δ ′ -(Cu, Ni) 2 Si existed around the core. Xiao et al. [47] showed that the spinodal decomposition of the precipitated phase was inhibited by doping Co into the Cu-Ni-Si alloy, thus improving the microhardness and conductivity of the alloy. Zhao et al. [48] also studied the effects of Co on the microstructure and properties of the Cu-Ni-Si alloy during aging. In addition to the common δ-Ni 2 Si and β-Ni 3 Si precipitates, the (Ni, Co) 2 Si phase was also found, shown in Figure 3 . Lei et al. [49] systematically investigated the aging precipitation behavior of the Cu-6.0Ni-1.0Si-0.5Al-0.15Mg-0.1Cr alloy and confirmed that the Ni 2 Si/ ′ -Ni 3 Al and β-Ni 3 Si precipitation phases cause strengthening effects.
In the present work, the aging precipitation behavior of the Cu-1.5Ni-0.34 Si alloy was investigated at 450 ∘ C, and the precipitation coarsening process was analyzed by TEM, as shown in Figure 4 . Figure 4 is similar to the modulated structure at the early aging stage, and then the nanometer precipitation phase gradually appears. Furthermore, the nanoparticles gradually coarsened with the aging time. The size of the precipitates is about 5 nm underaged, 10 nm of the peak aged, and 30 nm overaged. The selected area electron diffraction pattern is shown in Figure 5 . In Figure 5 the spinodal decomposition cannot be observed from the SADPs. In addition, the diffraction spots intensified with the aging process. However, the precipitates remained un- altered. Consequently, Figure 6 shows the comprehensive properties of the Cu-Ni-Si alloy doped with different types of alloying elements.
The aging strengthening and deformation strengthening are often combined in the strengthening treatment of copper alloys. Plastic deformation is the primary method of preparation, processing, and shaping copper alloys.
At high temperature copper alloys have low plastic resistance, strong atomic activity, and fast diffusion, which are beneficial for the microstructure improvement and shape forming when accompanied by complete recrystallization. The scientific and practical formulation of hot deformation parameters for copper alloys is of great significance to their quality and performance. Zhang et al. [55] studied the hot deformation behavior of the Cu-2Ni-0.5Si alloy at 600-800 ∘ C and 0.01-5 s −1 strain rate and constructed the constitutive equation (1) to describe the relationship between the flow stress, deformation temperature and strain rate. Furthermore, it has been calculated that the hot deformation activation energy of the alloy is 245.4 kJ /mol. ε = e 28.47 [sinh(0.013σ)] 5.52 exp
In addition, after doping 0.03 wt.% P into the Cu-2Ni-0.5Si alloy under the same deformation conditions, Zhang et al. [56] studied the influence of P on the hot deformation activation energy of the alloy. The hot compression constitutive equation (2) of the alloy was constructed. It has been calculated that the thermal deformation activation energy of the Cu-2Ni-0.5Si-0.03P alloy was 485.6 kJ/mol. ε = 4.62 × 10 23 [sinh(0.016σ)] 7.06 exp
In order to investigate the influence of Ag on the hot deformation behavior of the Cu-Ni-Si alloy, Sun et al. [57] added 0.15 wt.% Ag into the Cu-2Ni-0.5Si alloy to prepare the Cu-2Ni-0.5Si-0.15Ag alloy and compared changes in the hot deformation process parameters of the two alloys. The results showed that the addition of Ag can refine grains and promote dynamic recrystallization. The hot deformation activation energy of the alloy after adding Ag was calculated to be 312.3 kJ/mol. Finally, the constitutive equation was constructed: ε = 8.67 × 10 11 [sinh(0.018σ)] 6 .326 exp
Cu-Cr-Zr alloy
Cu-Cr-Zr alloy is widely used in high-speed rail contact lines and resistance electrodes due to its high strength and electrical conductivity [58] [59] [60] . Although Cu-Cr alloy has high conductivity, its strength is not outstanding. Adding a certain amount of Zr element to the Cu-Cr alloy can limit the coarsening of Cr precipitated phase during the aging process and further improve the alloy strength. Pan et al. [61] reported that Cu 5 Zr nanoparticles precipitated out of the Cu-0.81Cr-0.12Zr alloy after aging and proposed that In addition, the hot deformation behavior of the Cu-0.8Cr-0.3Zr, Cu-0.8Cr-0.3Zr-0.1Ag and Cu-0.8Cr-0.3Zr-0.05Nd alloys was studied [50] . The hot deformation activation energy and constitutive equations of these alloys are compared in Table 1 .
According to the data analysis in Table 1 , the addition of Ag effectively reduces the hot deformation activation energy of the Cu-Cr-Zr alloy, while the addition of Nd slightly increases the hot deformation activation energy of the alloy. This is because the grain refinement effect is more obvious after adding Ag.
Copper matrix composites 3.1 Hot deformation behavior of the copper matrix composites
Dispersion strengthened copper matrix composites have been widely used in the electronics industry as high voltage switches and resistance welding electrodes due to their excellent high-temperature strength, high electrical and thermal conductivity [65] [66] [67] [68] . In general, nanoparticles, such as Al 2 O 3 , BeO, ZrO 2 , Cr 2 O 3 , are usually employed as reinforcement in the dispersion strengthened copper matrix composites. Figure 7 shows the comprehensive properties of pure copper and nano-Al 2 O 3 reinforced composite fabricated by the vacuum hot-pressing sintering and internal oxidation process. As shown in Figure 7 , nano-Al 2 O 3 phase in the copper matrix has a small negative effect on the electrical conductivity of the matrix. Tian et al. [69] prepared Cu-0.5vol.%Al 2 O 3 by the internal oxidation method and reported that its softening temperature reached 800 ∘ C. Furthermore, it was demonstrated that the strengthening mechanism of the composite was not the Orowan bypass mechanism, but nano-alumina particles pinning grain boundaries and sub-grain boundaries to inhibit dynamic recrystallization. Mu et al. [70] used a powder metallurgy method to add Y 2 O 3 into the copper matrix and studied its effect on the electrical contact material. Rodrigo et al. [71] prepared Cu-2vol.%TiC by using the ball milling method and studied its creep behavior to obtain its hot deformation activation energy of 109-156 kJ/mol. Yang et al. [72] fabricated Al 2 O 3 -Cu/10%TiC composite by vac- uum hot pressing sintering and internal oxidation method and studied its hot deformation behavior. The composite presented typical dynamic recrystallization characteristics in the process of hot deformation. It has been calculated that its hot deformation activation energy is 170.73 kJ/mol. Liu et al. [73] employed the same process to increase the TiC content to 20% and calculated the activation energy of 218.92 kJ/mol for the hot deformation process. By comparing the above research results, it can be demonstrated that the in-situ formation of Al 2 O 3 or the increase of the nano-TiC particles amount can increase the activation energy of thermal deformation, thereby enhancing the deformation resistance of composites in the process of hot deformation. In order to improve the arc erosion resistance and circuit breaking ability of switch equipment, high melting point metals, such as W, Mo, Cr, etc. are often added to copper or dispersed copper matrix [74] [75] [76] [77] . Hiraoka et al. [78] proposed that during compression of the W(80)/Cu composite grains became fibrous with larger deformation amount. Huang et al. [79] demonstrated that the strengthening mechanism of the CuW70 alloy is work hardening caused by the sliding of the copper phase. Zou et al. [80] added a small amount of Cr and Ti to the Cu-W composite. These additions not only enhanced the interface bonding, but also improved the hot deformation performance of the composite. Zhang et al. [81] studied the thermal deformation behavior of the Al 2 O 3 -Cu/(W,Cr) composites, and the flow stress of the two kinds of composites increased rapidly to the maximum value and then gradually decreased to a steady value. Both kinds of composites show typical characteristics of dynamic recrystallization. In addition, at the same deformation temperature, the flow stress tends to increase with the strain rate and W content. In order to obtain the appropriate hot working conditions of the composites, hot processing maps were established in Figure 8 . Furthermore, both stable and unstable regions were distinguished.
Finally, as shown in Figure 9 , when the dislocations are pinned by nano-alumina particles, the dislocation wall changes from thick to thin. Under the deformation condition of 850 ∘ C and 0.01 s −1 , the copper matrix was still in the dynamic recovery stage.
Graphene reinforced copper matrix composites
In recent years, graphene and its derivatives, such as graphene oxide (GO) and reduced graphene oxide (RGO) have attracted more attention as an ideal reinforcement of the metal matrix composites. Graphene is a 2D layered structure material with a thickness of a single-layer carbon sheet. Monolayer graphene has the Young's modulus of 1 TPa and the tensile strength of 130 GPa [82] [83] [84] [85] [86] . Therefore, graphene is considered as an ideal reinforcement for the development of high-performance metal matrix composites. At present, many researchers have prepared graphene reinforced copper matrix composites using powder metallurgy. Chu et al. [87] designed the graphene reinforced copper matrix composites by the vacuum filtration and spark plasma sintering methods. Compared with pure copper, the thermal conductivity of the composite increased by 50%. Varol et al. [88] reported that the highest conductivity was 78.5% IACS by adding 0.5 wt.% graphene into copper matrix composites. Figure 10 shows the tensile strength and tensile strength growth rate of the graphene reinforced copper matrix composites. However, graphene has poor bonding with copper matrix and is prone to agglomeration in the preparation process. Fortunately, graphene oxide has large amounts of OH, COOH, C=O, and C(O)O groups. These groups are responsible for graphene oxide good wettability, dispersion and surface activity. In addition, they can enhance the bonding between the metal matrix and the reinforcement. Nevertheless, excellent conductivity can decrease sharply due to these groups. Actually, good conductivity can be obtained by reduction. For instance, one of the methods is heating at 900-1000 ∘ C, which greatly improves the conductivity due to the loss of oxygen-containing groups and the reconstruction of the carbon framework [98] [99] [100] . Ramirez et al. [101] reported that the GO can be reduced when GO/Si 3 N 4 composites were sintered by the spark plasma sintering. Xia et al. [102] also proposed that GO could be reduced to RGO during high-temperature sintering. Figure 11 shows the scanning electron microscopy (SEM) images of the graphene oxide and composite powder doped with graphene oxide. In our previous work, graphene oxide reinforced copper matrix composites were prepared by the freeze-drying and vacuum hot-press sintering methods, as shown in Figure 11(c) . Furthermore, the tensile strength of the composite containing 0.3 wt.% GO was increased by 45%, as shown in Figure 12 .
In the above studies, commercial GO or graphene as the ex-situ reinforcement phase of the metal matrix com- posites were prepared mostly by powder metallurgy. In situ reinforcement can improve the wettability and bonding at the graphene and metal interface through metallurgical reactions and chemical synthesis. Currently, many researchers use chemical vapor deposition (CVD) method to prepare graphene reinforced copper matrix composites [103] [104] [105] [106] . Chen et al. [91] prepared 3D-GR/Cu composite with polymethyl methacrylate as carbon source, Cu as matrix and catalyst by using the CVD method. The tensile strength of the composite doped with 0.5 wt% was increased by 35.7%. Cao et al. [95] employed a bioinspired strategy by assembling copper flakes cladded with in situ graphene using polymethyl methacrylate as a solid carbon source. The yield strength and elastic modulus increased by 177% and 25%, respectively. Tour et al. [107] used a new solid carbon source to prepare graphene and doped graphene on the Cu surface, and the obtained graphene consisted of controllable layers and had low number of defects. In the previous work, the high growth temperature was required for graphene growth. However, Li et al. [108] used benzene as the hydrocarbon source to grow graphene in the CVD process, and the fabrication was achieved at a growth temperature as low as 300 ∘ C.
Conclusions
In this article, the aging precipitation and hot deformation behavior of several typical copper alloys have been reviewed. Nano-phase precipitated during aging can strengthen matrix owing to various strengthening mechanisms. Furthermore, hot deformation activation en-ergy and constitutive equation were calculated and constructed, respectively. In addition, nano-particles dispersion phase can strengthen copper matrix on the premise of ensuring electrical conductivity. Finally, graphene reinforced copper matrix composites were reviewed. CVD method is the most exceptional potential for fabricating graphene reinforced composites.
